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Abstract
Calanoid copepods play an important role in the pelagic ecosystem making them subject to various taxonomic and
ecological studies, as well as indicators for detecting changes in the marine habitat. For all these investigations, valid
identification, mainly of sibling and cryptic species as well as early life history stages, represents a central issue. In
this study, we compare species identification methods for pelagic calanoid copepod species from the North Sea and
adjacent regions in a total of 333 specimens. Morphologically identified specimens were analysed on the basis of
nucleotide sequences (i.e. partial mitochondrial cytochrome c oxidase subunit I (COI) and complete 18S rDNA) and
on proteome fingerprints using the technology of matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS). On all three molecular approaches, all specimens were classified to species level
indicated by low intraspecific and high interspecific variability. Sequence divergences in both markers revealed a
second Pseudocalanus species for the southern North Sea identified as Pseudocalanus moultoni by COI sequence
comparisons to GenBank. Proteome fingerprints were valid for species clusters irrespective of high intraspecific vari-
ability, including significant differences between early developmental stages and adults. There was no effect of sam-
pling region or time; thus, trophic effect, when analysing the whole organisms, was observed in species-specific
protein mass spectra, underlining the power of this tool in the application on metazoan species identification.
Because of less sample preparation steps, we recommend proteomic fingerprinting using the MALDI-TOF MS as an
alternative or supplementary approach for rapid, cost-effective species identification.
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Introduction
Among the zooplankton, calanoid copepods show high
biological and ecological diversity. This makes them one
of the most studied marine taxonomic groups focusing
on diversity, morphology, taxonomy, phylogeny,
distribution, life-cycle strategies, feeding behaviour and
adaptation to various environmental conditions (e.g.
Mauchline 1998 and references therein; Bradford-Grieve
et al. 2010; Blanco-Bercial et al. 2011; Saiz & Calbet 2011).
Due to their high abundances and biomasses, extensive
worldwide distributions across seas and oceans, and
because they link various trophic levels, calanoid
copepods represent a major component of the marine
plankton community, food web and pelagic ecosystem
(e.g. Longhurst 1985; Fransz et al. 1991). They link pri-
mary production and higher trophic levels (e.g. Mauch-
line 1998; Dam & Lopes 2003; Calbet et al. 2007) and play
a key role in the dynamics of economically important
fish stocks (e.g. M€ollmann et al. 2003). The diversity of
calanoid copepods is likely to be mainly regulated by
environmental temperature, hydrodynamics, stratifica-
tion, seasonal variability and water masses making their
patterns of occurrence as an environmental indicator to
assess changes in the marine habitat (Beaugrand et al.
2002). Therefore, they are often used as indices and indi-
cators for detecting changes and shifts in marine ecosys-
tems (e.g. Beaugrand 2004; Edwards & Richardson 2004),
whereby a basic pattern of changes in the pelagic ecosys-
tem can be rendered by the sum of the abundance of
copepod populations (Greve et al. 2004). The analysis of
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long-term time series data (e.g. Continuous Plankton
Recorder data) showed contrasting results by analysing
biomass and diversity (e.g. Beaugrand 2004). For exam-
ple, the interpretation of categories like ‘total copepods’
was shown to be not straightforward, as this group can
encompass a large number of species, thus cannot detect
possible changes in the community structure (Beaugrand
2004).
For all these studies, valid species identification repre-
sents a central issue to identify sibling and cryptic
species as well as different life history stages for getting
insights into population structures, abundances, diver-
sity, recruitment, secondary production and long-term
changes in the pelagic environment. Because morpholog-
ical identification by microscopy can be challenging,
time-consuming, and requires a strong taxonomic
background, the demand on alternative species identifi-
cation methods represents a central issue for analysing
organisms on species level as well as for detecting quali-
tative (diversity) and quantitative (abundances, biomass)
changes in marine community and habitats. These alter-
native methods should fulfill the requirements of being
rapid, comparable low priced, simple to be performed,
cost-effective and accurate.
In the last decades, many kinds of molecular tech-
niques for unambiguous species detection, identification
and discrimination were developed. Most of them are
promising or already proved to be reliable approaches,
which facilitate or overcome taxonomic difficulties in the
identification of species and life history stages. As an
example for DNA sequence analysis, the DNA barcoding
approach based on the analysis of a fragment of the
mitochondrial cytochrome c oxidase subunit I gene
(COI) has been proved as reliable tool for the identifica-
tion for animals (e.g. Hebert et al. 2003; Bucklin et al.
2010a,b, 2011; Radulovici et al. 2010). For copepods,
increasing numbers of studies applied COI for the identi-
fication of species and to elucidate intraspecific patterns
of variability (e.g. Lee 2000; Bucklin et al. 2010a,b; Chen
& Hare 2011; Laakmann et al. 2012). In addition to this
approach, other gene fragments like mitochondrial 16S
rDNA (e.g. Bucklin et al. 1995; Rocha-Olivares et al. 2001;
Goetze 2003, 2010; Caudill & Bucklin 2004), nuclear ITS2
(Rocha-Olivares et al. 2001; Goetze 2003; Laakmann et al.
2012) or even conserved 18S rDNA (Bucklin et al. 2003;
Goetze 2003) are frequently used for the discrimination
of copepod species. To exclude sequencing, species-spe-
cific PCR assays were developed for a rapid identifica-
tion (e.g. Hill et al. 2001; Grabbert et al. 2010), as well as
PCRs with adjacent restriction fragment length polymor-
phism (RFLP) were analysed to differentiate even
between different life history stages (e.g. Lindeque et al.
1999). Next to sequencing, other molecular techniques
like DNA hybridization (e.g. Kiesling et al. 2002) or
single-gene zooplankton community analysis (Machida
et al. 2009) were conducted. Beside DNA investigations,
techniques on analysing proteome fingerprints are prom-
ising. For example, the matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry (MALDI-TOF
MS) is well established for identifying microorganisms
(i.e. bacteria, viruses, fungus and spores) in diagnostic
bacteriology (e.g. Holland et al. 1996; Haag et al. 1998;
Fenselau & Demirev 2001) and may represent a useful
method for a valid species identification of zooplankton
taxa. In this approach, the sample (whole cells, mole-
cules, extracted peptides or proteins) cocrystallizes with
a matrix solution on a target plate. A pulsed laser causes
desorption of the sample–matrix, followed by the ioniza-
tion of the sample. In a strong electric field, the ions are
accelerated and drift along a vacuum tube. Based on the
time of flight, the different masses of the single mole-
cules are represented as spectra. For metazoans, some
MALDI-TOF MS pilot studies were conducted using
species-specific proteome profiles for a successful and
rapid species identification (e.g. Mazzeo et al. 2008; Fel-
tens et al. 2010; Kaufmann et al. 2011; Volta et al. 2012),
including for three closely related freshwater copepod
species (Riccardi et al. 2012).
In our study, we focus on calanoid copepods of the
North Sea where they show high abundance and bio-
mass, representing the most important portion of the
zooplankton and dominating the smaller part of the zoo-
plankton community for most of the year (e.g. Hickel
1975; Fransz et al. 1991). In the German Bight, calanoid
copepod fauna is dominated by small populations,
mainly by the herbivorous to omnivorous calanoids Para-
calanus spp., Pseudocalanus spp., Temora longicornis, Acar-
tia spp., Centropages typicus and Centropages hamatus (e.g.
Greve et al. 2004). For most of the species, late copepo-
dite- and adult-stages specimens can be identified to
species level. In contrast to that, for some particular spe-
cies determination to species level and thus analysis of
population structure (abundance, biomass) is difficult
due to the co-occurrence of congeneric species (i.e. Acar-
tia, Pseudocalanus, Paracalanus, Calanus). In addition, the
morphological species discrimination of nauplii or early
copepodite stages represents a time-consuming challeng-
ing task using microscopy and is particularly impossible
because of lacking diagnostic species characters. Because
these neritic and estuarine species do not only play an
important role in the North Sea but have a widespread
occurrence across the Northern Hemisphere as well as
some are cosmopolitans (e.g. Razouls et al. 2005-2012),
rapid, accurate and cost-effective identification methods
are requested and important in a broader context.
The aim of this study is to test the combination of
morphological and molecular methodologies for accurate
taxonomic species identification by comparing different
© 2013 John Wiley & Sons Ltd
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identification methods for the North Sea calanoid cope-
pod community. For this, species are identified based on
morphological characters, followed by a comprehensive
analysis using partial mitochondrial COI, complete
nuclear 18S rDNA and proteome profiles using the
MALDI-TOF MS technology. Identification results and
application parameters will be discussed.
Material and methods
Sampling
Copepods were sampled at different years (2010–2012),
seasons and regions in the North Sea, mainly in the
southern part, as well as from the shore in Jade Bay (Wil-
helmshaven, Germany) and Weser Estuary (Table 1,
Fig. 1). To cover intraspecific variability, some specimens
were taken from western Baltic Sea and Skagerrak (Gull-
marsfjord, Sweden) (Fig. 1). Additional Acartia tonsa
specimens were analysed from running cultures origi-
nating from Kiel Bight (Baltic Sea). Sampling was
performed by horizontal sea surface hols (max. depth
3–4 m) using a Calcofi Net (300 and 500 lm mesh size;
Hydrobios) and Apstein net (150 lm mesh size; Hydrob-
ios). Immediately after the catch, whole zooplankton
samples were fixed in absolute ethanol. Copepod speci-
mens were sorted from bulk samples and identified to
species level using microscopy. For further analyses,
individuals were isolated in absolute ethanol. Only well-
preserved specimens without contaminations on the exo-
skeleton were used for the analyses.
Molecular genetic analyses
Genomic DNA of the total 137 specimens (adult females
and males) of 13 calanoid and one harpacticoid copepod
species was extracted using the QIAGEN DNeasy
blood and tissue kit (QIAGEN) following the manufac-
turer′s protocol with an overnight lysis (see Table 1).
PCR amplifications were accomplished by illustra PuRe-
Taq Ready-To-Go PCR Beads (GE Healthcare) using 4 lL
of DNA templates in 25-lL reaction volumes. COI ampli-
fication and sequencing were performed using the pri-
mer pair LCO1490 and HCO2198 (Folmer et al. 1994) at
annealing temperature of 45 °C for 38–40 cycles. PCR
failures were not species-specific, and in these cases, two
other primer pair combinations (LCO1490 together with
Nancy (Simon et al. 1994) or Cop-COI-2189 (Bucklin et al.
2010b)) were applied as well as lower annealing temper-
atures (minimum 42 °C). The complete 18S rDNA was
amplified using the primer pair 18A1 mod and 1800 mod
(Raupach et al. 2009) at an annealing temperature of
50 °C for 36–38 cycles. For sequencing, additionally the
primers F1 (5′-AGCAGCCGCGGTAATTCCAGCT-3′),
CF2 (5′-GAAACTTAAAGGAATTGACGGAA-3′), CR1
(5′- CCTTCCGTCAATTCCTTTAAGT-3′) and R2 (5′-AG-
CTGGAATTACCGCGGCTGCT-3′) (this study) were
used. PCR products were purified using QIAquick PCR
Purification Kit (QIAGEN). Both, PCR products and
purified PCR products were checked on an agarose
gel (1%) with GelRed (0.1%). Strands were sequenced
using the BigDyeTM terminator chemistry and an
ABI3730XL automated sequencer (Macrogen, Amster-
dam). Sequences were assembled, edited and checked
for reading frames using the software GENEIOUS version
5.4.5 created by Biomatters (available from http://www.
geneious.com/). Using BLAST (Altschul et al. 1990),
sequences were compared with those available in Gen-
Bank. All new sequences have been deposited in Gen-
Bank (see Table 1). Multiple alignments of COI and 18S
sequences were performed in MUSCLE version 3.8.1 (Edgar
2004) using default settings and are provided as support-
ing information data S1 and S2, respectively.
A COI fragment of 657 bp (minimum sequence length
625 bp) from 136 calanoid specimens was analysed by
neighbour-joining analysis based on K80 model (Kimura
2-parameter (K2P): equal base frequencies, one transition
rate and one transversion rate; Kimura 1980) and 10 000
bootstrap replicates using the software MEGA version 5.05
(Tamura et al. 2011). The harpacticoid copepod Euterpina
acutifrons (JX995145) was chosen as outgroup taxon. Pair-
wise genetic distances were calculated on K80 model
with the same software.
For the 1844 bp alignment of 18S rDNA comprising
43 calanoid specimens, maximum likelihood analysis
was performed using RAxML-VI-HPC (Stamatakis 2006)
with the GTRGAMMA nucleotide substitution model
and the generation of 10 000 bootstrap replicates. The
harpacticoid Tigriopus fulvus (EU370430) was defined as
outgroup taxa. Ungapped minimum and maximum
lengths of the fragment were 1737 and 1772 bp. Pairwise
genetic distances were calculated with the GTRGAMMA
nucleotide substitution model using RAxML-VI-HPC
(Stamatakis 2006). For both COI and 18S rDNA data, spe-
cies clusters based on pairwise genetic distances were
tested by analysis of similarity (ANOSIM) with 999 per-
mutations using the software PRIMER6 version 6.1.6
(Clarke & Gorley 2006). For visualizing genetic distances
as a heatmap, Excel data on average-specific differences
were saved as text file and then opened in FRAMEWORK
version 1.2b (Wirth 2009).
Protein mass fingerprinting analysis (MALDI-TOF
MS)
The MALDI-TOF MS technology was tested for 197 spec-
imens of 11 calanoid species (Table 1, Fig. 1). For the
abundant species, different developmental stages were
© 2013 John Wiley & Sons Ltd
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analysed comprising copepodite stages I–VI, females
and males. Additionally, unidentified naupliar stages
were analysed. Because whole specimens were analysed,
the influence of trophic and feeding effects was exam-
ined by analysing specimens from different stations (and
thus geographic regions) in the North Sea as well as from
different seasons and years. Single specimens were
placed into 5–10 lL of matrix, containing alpha-cyano-4-
hydroxycinnamic acid (HCCA) as a saturated solution in
50% acetonitrile and 2.5% trifluoroacetic acid. After an
incubation of 10 min at room temperature and dark con-
ditions (Riccardi et al. 2012), 1.2 lL of the extract was
spotted in three replicates on the target plate and
allowed to evaporate at room temperature for several
minutes. Each spot was measured three times resulting
in nine replicate measurements per specimen. Analyses
were performed with the compact linear-mode bench-
top microflex LT System (Bruker Daltonics) at a laser fre-
quency of 60 Hz. To create one spectrum, 240 laser shots
were generated at fixed optical laser energy and a pulse
of 3 ns. Calibration was performed using a Bacterial Test
Standard (Bruker Daltonics) containing a protein extract
of Escherichia coli DH5alpha. The mass spectra were anal-
ysed between 2000 and 20 000 Dalton (Da). The analyses
of the mass spectra were performed within the software
FLEXANALYSIS (version 3.3; Bruker Daltonics) by smoothing
using the Savitzky Golay smoothing filter (Savitzky &
Golay 1964) with two mass-to-charge-ratio (m/z) and 10
cycles. Baseline subtraction was performed using a Top-
Hat filter. Mass list was found on the basis of following
settings: centroid peak detection algorithm, 1.5 signal to
noise threshold, 300 minimum/maximum number of
peaks, one m/z peak width and 90% peak height.
Mass lists were exported as peak tables to the soft-
ware Excel (S3). The peak values of relative intensities
were classified into ascending intervals with 3-, 5- and
10-Da bin sizes. Cluster analysis, analysis of similarity
(ANOSIM) for testing significant differences between
variables (and data sets), and similarity percentages
(SIMPER) for testing which variable is mainly responsi-
ble for observed differences were performed using the
software PRIMER6 version 6.1.6; Clarke & Gorley 2006).
Single-linkage cluster analysis was performed based on a
Bray–Curtis similarity matrix of the average values of the
samples (maximum nine replicates per specimen). Data
sets of the different Da categories (3-, 5- and 10-Da) were
compared by ANOSIM with 999 permutations, as well as
the 5-Da data set for differences between the species clus-
ters. The differences between protein mass profiles of the
different species, stations and stages were additionally
tested by Kruskal–Wallis test as well as Mann–Whitney-
test using the software GRAPHPAD PRISM (version 6; Win-
dows Demo). To detect strongest mass signals, peak
tables were analysed by SIMPER analysis. As already
described for the sequence data, a similarity matrix of
proteome fingerprints was visualized as heatmap.
Results and discussion
Calanoid copepod biodiversity of the North Sea
In total, 12 calanoid copepod species were successfully
identified based on morphological characters: Temora lon-
gicornis, Acartia clausi, Centropages hamatus, C. typicus,
Pseudocalanus elongatus, Paracalanus parvus, Anomalocera
patersoni and Calanus helgolandicus occurred frequently in
(a) (b)
Fig. 1 Sampling localities of specimens for (a) DNA investigations and (b) proteomic fingerprinting (MALDI-TOF MS). Localities where
multiple species were sampled are marked with a number, and species list is given in a legend. Countries are abbreviated by country
code (DE, Germany, DK. Denmark, NL, The Netherlands, NO, Norway; SE, Sweden and UK, United Kingdom).
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the samples; Acartia tonsa, Acartia bifilosa and Eurytemora
affinis were abundant in Jade Bay, the latter species as
well in the Weser estuary; Isias clavipes was found at only
one station (56.57′N, 5.34′E). In contrast to that, both
sequence analyses revealed 13 monophyletic groups
(Figs 2 and 3), uncovering a second Pseudocalanus
species, emphasizing as Pseudocalanus moultoni by the
COI sequence comparison to published sequences in
GenBank. This species was sampled at one station in the
southern North Sea (53.00′N; 3.00′E). Because interspe-
cific morphological divergences are weak in Pseudocal-
anus species (Frost 1989), the sequence divergences in
both mitochondrial and nuclear gene fragments indi-
cated different species. This detection of sibling and
cryptic species by analysing DNA sequence data was
already demonstrated in several studies (by e.g. Lee
2000; Hill et al. 2001; Bucklin & Frost 2009). Originally
known from the NW Atlantic (e.g. Bucklin et al. 1998),
P. moultoni specimens were recently identified in North
European waters by COI sequencing (Aarbakke et al.
2011) and are reported here from the southern North Sea
as well. However, due to the sympatric occurrence and
the challenging taxonomy of the Pseudocalanus species
(e.g. Frost 1989; Bucklin et al. 1998; Markhaseva et al.
2012), it remains unclear whether P. moultoni is a recent
alien invader into European waters, or whether it has
traditionally been overlooked and confused with co-
occurring morphological similar congeners (Aarbakke
et al. 2011) such as Pseudocalanus elongatus in southern
North Sea. The successful discrimination of co-occurring
sibling Pseudocalanus species by molecular tools was also
demonstrated in other regions (i.e. Georges Bank, Buck-
lin et al. 1998).
The dominant species in the North Sea and adjacent
seas were typical for the regions as defined by Beau-
grand et al. (2002) for Atlantic westerly winds and
coastal biomes (i.e. Para-Pseudocalanus spp., C. typicus,
C. helgolandicus, Acartia spp.) and neritic regions (i.e.
T. longicornis, C. hamatus, A. patersoni, I. clavipes). E. affi-
nis is a typical estuarine species, with a wide distribution
range across the Northern Hemisphere (e.g. Winkler
et al. 2008, 2011). Most of these species show broad distri-
bution ranges across the Northern Hemisphere, and
some species also occur in Southern Hemisphere waters
(e.g. Razouls et al. 2005-2012). In this context, the effort
of the three investigated molecular identification meth-
odologies may find application in various pelagic sys-
tems and is not restricted to the North Sea and/or
adjacent waters.
Species identification based on nucleotide sequences
Species discrimination based on COI and 18S rDNA
nucleotide sequences was unambiguous and revealed 13
species (Figs 2 and 3). For pairwise genetic distances
(COI and 18S rDNA), ANOSIM revealed a Global R of 1
(P = 0.001) for the different species clusters, thus reveal-
ing highly significant differences between the species.
Cytochrome c oxidase subunit I analysis revealed 13
species with species cluster supported by bootstrap
values of 99% (Fig. 2). Genetic variability can be overesti-
mated if pseudogenes are present (Bucklin et al. 2000),
but this is not a significant issue for the investigated
North Sea calanoids as no stop codons were detected in
the COI sequences. Interspecific distances ranged from
17.6% to 35.8%, with lower values for congeneric species
(i.e. Acartia, Centropages, Pseudocalanus; 21.5%  1.0%)
than species from different genera (27.9%  2.7%; Fig. 2,
Table 2). On intraspecific level, variation ranged from
0% to 5.9% (Fig. 2, Table 2). Hence, the barcoding gap
was given with at least 11.7% difference between intra-
specific and interspecific pairwise genetic K2P distance,
leading to a species identification success rate both for
distant and closely related species of 100% (Fig. 2). Inter
and, in general, intraspecific COI variability was compa-
rable to those of other studies (e.g. Bucklin et al. 2003) as
well as high haplotype diversity, which was already
found for other calanoids across European Seas (e.g.
Castellani et al. 2012). High intraspecific variations were
detected in A. patersoni, P. elongatus and C. helgolandicus
with 0–5.87, 0–4.24 and 0–3.21%, respectively (Fig. 2,
Table 2), comparable to those of geographically distant
populations in other calanoid species (e.g. Laakmann
et al. 2012). Comparatively low intraspecific variability
was found for A. clausi, originating from a broad sam-
pling range in the North Sea, as well as for A. tonsa sam-
pled in the North and Baltic Sea and for P. parvus from
the North Sea and Skagerrak (Fig. 2). For C. hamatus,
only one specimen was analysed from the Baltic Sea.
This specimen differed from the North Sea individuals
by 1.8–2.0%, a comparatively high divergence in relation
to the low intraspecific variation among North Sea indi-
viduals (0–0.2%). By visualizing all pairwise genetic
distances as heatmap, COI showed a high and unambig-
uously efficient resolution on species level (Fig. 4a).
Analysis of the whole 18S rDNA fragments revealed
all 13 species with bootstrap values ≥ 94% (Fig. 3). No
variability was found on the intraspecific level, already
demonstrated for other calanoids (Bucklin et al. 2003) as
consequence of a concerted evolution of rDNAs (e.g.
Hillis et al. 1991; Eickbush & Eickbush 2007). The lowest
and highest interspecific GTRGAMMA distances were
0.5% and 81.4% thus, the gap between intra and interspe-
cific distances was less pronounced compared with the
COI analysis (Table 2). Exceptionally high divergence
was observed in the genus Acartia (belonging to the
superfamily Centropagoidea), both within genus and to
other calanoids. This high divergence led to gaps in the
© 2013 John Wiley & Sons Ltd
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Fig. 2 Neighbour-joining analysis of the 657 bp cytochrome c oxidase subunit I (COI) fragment based on K80 model with 10 000 boot-
strap replicates. Numbers on branches represent bootstrap values higher than 50%. Species-specific intraspecific and interspecific pair-
wise genetic distances are represented as box plots (box comprises 50% and whiskers 90% of the data set while dots depict outliers).
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alignment as well as high interspecific distances ranging
from 29.7% to 81.4% (Table 2). By aligning these
sequences with those of other Acartia species obtained
from GenBank, a similar pattern was observed, high-
lighting within this genus an uncommon divergence,
which is in need of further morphological and molecular
taxonomic studies. The other calanoid species differed
by 0.5–14.0% (Table 2). Next to species clusters, 18S
rDNA analysis provided information on higher taxo-
nomic levels with lowest interspecific distances between
congeners (i.e. Centropages 1.3% and Pseudocalanus 0.5%,
Table 2). Regarding the taxonomic level of superfamilies,
the different families and genera of the Centropagoidea
(Diaptomoidea) (i.e. Centropages, Isias, Temora, Eurytemora
and Anomalocera) clustered together supported by high
bootstrap value (100%) and differed from one another
by 2.2–5.4%. Those of the superfamily Calanoidea
(Megacalanoidea) (i.e. Calanus, Paracalanus) differed by
6.7% (Table 2). Higher values were found between
superfamilies with 9.8–14% between Centropagoidea
and Calanoidea, 10.6–12.9% between Centropagoidea
and Clausocalanoidea (i.e. Pseudocalanus congeners), and
comparatively lower values of 3.4–7.3% between Cala-
noidea and Clausocalanoidea (Table 2). The variability
between species of one superfamily was in accordance
with those observed among calanoids (Blanco-Bercial
et al. 2011). Pairwise genetic distances, visualized as
heatmap, demonstrated the identification of the three
Acartia species but no similarity within this genus, while
the other species belonging to the Centropagoidea,
Calanoidea and Clausocalanoidea illustrated close
relationships, respectively (Table 3, Fig. 4b). Excluding
highly divergent Acartia from this analysis, the individ-
ual clusters of the other calanoid species were more pro-
nounced, except for low diversification of only 0.5%
between closely related Pseudocalanus congeners
(Fig. 4c).
Species identification based on proteomic fingerprinting
The analysis of the total 197 individuals, comprising var-
ious developmental stages, revealed reproducible mass
spectra, adequate for the classification of the 11 different
species. The ANOSIM revealed highly significant differ-
ences of mass spectra between the species with global Rs
of 0.940, 0.972 and 0.956 and P values of 0.001, 0.001 and
0.001 for the 3-, 5- and 10-Da categories, respectively.
Therefore, the data set on 5-Da categories was chosen as
the best classification for species discrimination, and the
matrix is provided as supporting information data (S4).
Regarding bulked relative intensities of each analysed
specimen with more than 2% contribution using SIMPER
analysis, highest peak intensities were recorded between
2000 and 9000 Da, similar to those found for other meta-
zoans (e.g. Feltens et al. 2010). The cluster analysis
showed species-specific signal patterns for all the 11 spe-
cies with lower values on intraspecific than on inter-
specific level, even for congeners (Fig. 5). Except for
P. parvus and Isias clavipes (because of too low sample
size), all species differed significantly from one another
based on ANOSIM (Table 3) as well as by Kruskal–Wal-
lis test (P > 0.0001). The specificity of species proteome
Fig. 3 Maximum likelihood analysis of 1844 bp
18S rDNA fragment based on GTRGAMMA
model with 10 000 bootstrap replicates. Num-
bers on branches represent bootstrap values
higher than 50%.
© 2013 John Wiley & Sons Ltd
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fingerprints is further highlighted on the Bray–Curtis
similarity matrix visualized as heatmap (Fig. 4d). Conse-
quently, as found in previous studies (i.e. Feltens et al.
2010; Riccardi et al. 2012), different species, even closely
related ones, can be successfully discriminated based on
these species-specific proteome profiles. Regarding tax-
onomy on higher level, Centropages congeners are more
similar to one another; on the contrary, this was not
observed in the two Acartia species (Figs 4d and 5). If
phylogenetic relationships can be tracked as it has been
demonstrated for fruit flies (Feltens et al. 2010), then they
must be tested on higher coverage of closely related
calanoid species in future.
On intraspecific level, significant differences were
observed between the different developmental stages.
Nauplii and early copepodite stages (CI–V) differed from
adult females and males (CVIF, CVIM) tested by
ANOSIM and Mann–Whitney-test. These differences
were found in C. hamatus (ANOSIM: R = 0.835,
P = 0.001; Mann–Whitney-test: P < 0.0001), P. elongatus
(R = 0.642, P = 0.001; P < 0.0494), A. clausi (R = 0.916,
P = 0.001; P < 0.0001), T. longicornis (R = 0.709,
P = 0.001; P < 0.0001), A. patersoni (R = 0.506, P = 0.002;
P = 0.0072) and C. helgolandicus (P < 0.0001). Thus, quite
different from species discrimination based on nucleo-
tide sequences, intraspecific differences/variability were
detected between different developmental stages, mainly
between naupliar to early copepodite stages and adult
females and males. This result indicates possible differ-
ences in the presence of proteins, thus stage-specific
make-ups in expressed proteins, like it was demon-
strated on protein spectra differences for fruit fly males
and females (Feltens et al. 2010). Moreover, even non-
morphologically identified nauplii clustered to species
level, indicating the stability and power of this approach.
Similar results have been also demonstrated for closely
related freshwater copepods (Riccardi et al. 2012), show-
ing lower differences in peak pattern between different
developmental stages on intraspecific level than between
species. However, the high resolution of MALDI-TOF
MS for detecting stage-specific differences may find use-
ful applications in various ecological and population
studies.
No significant differences were observed between
specimens of one species sampled at different seasons,
years and stations. As a consequence, species clusters are
not overlaid by trophic or feeding impacts/effects when
analysing whole organisms, and gut content could be
excluded as a possible contamination factor.
Because the number of studies on metazoan identifi-
cation based on proteome profiles has recently increased
(e.g. Mazzeo et al. 2008; Feltens et al. 2010; Kaufmann
et al. 2011; Riccardi et al. 2012; Volta et al. 2012), frequent






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































© 2013 John Wiley & Sons Ltd
10 S . LAAKMANN ET AL .
identification can be expected. In this context, the need
for comparing metazoan proteome profiles for identifica-
tion will increase, and thus the demand for an accessible
proteome profile reference library for Metazoa (i.e. com-
parable to GenBank for sequence data). On this basis,
MALDI-TOF MS would provide a powerful, rapid and
attractive tool for molecular metazoan species identifica-
tion in the same way as it is established in diagnostic
bacteriology and can find its way to be integrated in tax-
onomic approaches.
Summarizing the results, the identification/discrimi-
nation of the 11 calanoid copepod species based on
Table 3 ANOSIM: differences (statistic R values) between the 11 species based on pairwise tests




Ct 0.999 1 0.966
Ea 1 1 0.987 1
Ic 1 1 1 1 1
Ap 1 1 0.997 1 1 1
Tl 0.951 0.968 0.917 0.923 0.944 0.967 0.974
Pp 0.960 1 0.939 1 1 1 1 0.936
Ch 0.999 1 0.988 1 1 1 1 0.921 1
Pe 0.966 0.972 0.953 0.995 0.985 0.985 0.991 0.930 0.982 0.982
Regular and bold: P = 0.001, italics: P < 0.05, bold and grey: not significant (too low sample size).
Species abbreviations see Table 2.
(a) (b)
(c) (d)
Fig. 4 Heatmaps visualizing species clusters. (a) cytochrome c oxidase subunit I (COI) based on mean K2P distances, (b) 18S rDNA
based on GTRGAMMA, (c) 18S rDNA based on GTRGAMMA without Acartia species and (d) similarity matrix of proteome fingerprints
(5-Da categories). Species abbreviations see Table 2. Bright colours (yellow) indicate high, dark colours (black) low similarity.
© 2013 John Wiley & Sons Ltd
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protein mass fingerprints was successful, irrespective of
sampling origin and time, as well as developmental
stage. As a consequence, this molecular profiling can be
considered as a promising additional or alternative fast
and accurate tool suitable for copepod species authenti-
cation. The fact that organisms or tissues fixed in ethanol
can be used for typing species allows the application of
MALDI-TOF MS on material, which is additionally suit-
able for molecular genetic studies, and thus applicable in
integrated taxonomic studies.
Comparison of molecular methods
In general, molecular identification methods are objec-
tive and can be used independently of the taxonomic
background of the identifier, providing a precise, digital
description. In most cases, even adult organisms with
missing diagnostic morphological characters (e.g. sibling
and cryptic species) or early life history stages can be
discriminated and thus identified within a high number
of taxa. Once established for an organism group, they
can be used independently from morphology. But more
importantly, they can be used as a supplementary tool in
integrated approaches in a broader biological–ecological
context.
Comparing the investigated molecular identification
methods on the basis of nucleotides and proteome finger-
prints, advantages and disadvantages can be highlighted.
All these three analyses were shown to be useful for a
valid species identification (Figs 2–5), but with different
accuracies as well as performances and realizations. DNA
investigations allow unambiguous identification with
sequences representing valid entities irrespectively of life
history/developmental stage, origin and parts of the
organism. Once DNA is extracted, it can be stored long-
term and serves as a resource for various molecular
genetic studies. Thus, according to the choice of the anal-
ysed gene fragment, sequences can be used for analysing
haplotype diversity, phylogeographic patterns or phylo-
genetic relationships. Compared with COI, the analysis
of 18S rDNA has the advantage of no intraspecific vari-
ability and further information on higher taxonomic level
but the gap between intraspecific and interspecific vari-
ability is less pronounced (i.e. Pseudocalanus congeners).
Due to more pronounced differences between intraspe-
cific and interspecific pairwise genetic variation as well
including less sequencing reactions for the investigated
copepods, COI analysis is more suitable for species iden-
tification compared with 18S rDNA. However, disadvan-
tages of both genetic approaches are the time-consuming
and cost-intensive multiple preparation steps, including
DNA extraction, PCR, purification, sequencing as well as
prior methodological establishment for taxon-specific
amplifications (e.g. specific primer design). Compared
with this, protein mass fingerprinting analysis like
MALDI-TOF MS includes less preparation steps,
resulting in a rapid and cost-effective application. In
Fig. 5 Cluster analysis of quantitative proteome fingerprints
(5-Da categories) of 197 individuals of 11 calanoid species. Grey
lines and bars indicate nauplii and early copepodite stages
(I–V).
© 2013 John Wiley & Sons Ltd
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comparison with nucleotide analyses, MALDI-TOF MS
approach analyses many more specimens in a shorter
time period, leading to high coverage either of specimens
(i.e. for population studies) or species (i.e. diversity stud-
ies). But especially for metazoans, information on the ori-
gin and nature of each analysed peptide/protein is still
lacking compared with prokaryotes where half or fewer
of the recorded peaks and thus proteins–peptides (3–
30 kDalton in Escherichia coli) were suggested to be
assigned to ribosomal proteins (e.g. Arnold & Reilly
1999; Ryzhov & Fenselau 2001). Nevertheless, even
though the proteome profiles can be regarded as no
direct reference to the analysed entities (i.e. on each anal-
ysed peptides/proteins), the protein peak pattern can be
used for re-identification with the possibility to highlight
typical biomarkers, as it was shown for fish species (e.g.
Volta et al. 2012). When processing and analysing whole
organisms, a disadvantage of this method can be the
complete consumption of the extract, no longer available
for further applications or storage. This is especially the
case for small metazoans like copepods. Nevertheless,
we suggest applying the MALDI-TOF MS approach
where solely rapid and straightforward species identifi-
cation is demanded, like identifying ambiguous species
or stages from bulk samples needed for diversity studies
or monitoring surveys. The fact that ethanol samples
worked on all these approaches allows combined/inte-
grated studies.
Conclusion
In total, 333 individuals of 13 calanoid copepod species
were discriminated to valid and accurate species clusters
using molecular tools on the basis of nucleotide
sequences (COI and 18S rDNA) and proteome finger-
prints. Molecular data show less variability than protein
spectra, but are more time-consuming and cost-intensive.
On the contrary, mass spectra are able to discriminate
between some developmental stages. As a result, we sug-
gest the application of species typing based on proteomic
fingerprinting as an alternative approach for a rapid and
cost-effective method. Once an accessible reference
library for metazoan proteome fingerprints is established
and by working with adequate software, species can be
identified straightforwardly within minutes. We suggest
that this method is especially useful for analysing a high
number of samples or when specimens are difficult to
determine/discriminate with respect to congeners or life
history stages. With MALDI-TOF MS, estimation of
abundances of different copepod species can reach a
higher coverage especially by including early stages and
populations (e.g. recruitment, thus species-specific sec-
ondary production) and thus reach a higher resolution of
sample analysis.
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